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 
Abstract—A robust fiber-optic interferometer, which is 
formed by introducing two bends (i.e. z shape) to the 
standard telecommunication single mode fiber, is designed 
and analyzed theoretically and experimentally for the 
refractive index (RI) sensing. The first (second) bend 
couples (re-couples) the core (cladding) mode to the 
cladding (core) modes. The RI-sensitive phase difference 
between the core and cladding modes gives rise to the 
modulation of the transmitted intensity. The experimental 
results show that the z-shaped interferometric sensor 
possesses an RI sensitivity as high as 196 nm/RIU, which is 
much higher than that of the similar existing 
interferometric sensor and fit well with the theoretical 
predictions. An investigation of the effect of perturbations 
of bent angle reveals that the sensor possesses relative high 
sensitivities as the bent angle ranges from 13
o
 to 17
o
 with 
difference between the maximum and minimum 
sensitivities only 2.5% indicating the structure has a good 
fabrication tolerance to the inaccuracy of the bent angles. 
In addition, the sensor has advantages of low cost, simple 
structure and ease of fabrication, showing great potential in 
many sensing applications. 
Index Terms—Fiber sensors, Interferometer 
I. INTRODUCTION
ecause of the advantages including small size, high sensitivity 
and immunity to electromagnetic interference, optical fiber 
sensors have been extensively investigated over the last decade for 
various physical and chemical sensing applications, such as 
temperature, vibration, stress and refractive index (RI) [1-6]. 
Particularly, the RI measurement is an important process in many 
fields, e.g., the detection of solution concentration in chemical field 
[7], real-time monitoring of antigen-antibody recognition in biological 
field [8] and water quality control in environmental field [9]. 
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The implementation of optical fiber sensors is usually based on 
two mechanisms, which are the evanescent field coupling (EFC) [10] 
and mode interference (MI) [11], respectively. In recent years, 
numerous EFC-based fiber configurations were proposed, for 
example by utilizing the long period fiber grating (LPFG) [12], the 
tilted fiber Bragg grating (TFBG) [13] and the surface plasmon 
resonance (SPR) [14]. LPFG and TFBG operate in the evanescent 
field of cladding mode, which exists closing to the fiber surface and 
easily spreads into the surrounding target solution, thus suffer from a 
large insertion loss [15]. SPR technique utilizes the highly-localized 
evanescent wave propagating along the interface between a dielectric 
and metal, which is very sensitive to the variations of the surrounding 
RI in the vicinity of metal surface [16]. However, the inherent 
metallic loss results in the broaden linewidth and low measurement 
accuracy [17]. On the other hand, the interferometric fiber sensors are 
becoming one of the most attractive approaches for RI sensing 
because of their flexible configurations and high sensitivities [18]. 
Reported interferometric fiber sensors include designs based on 
core-offset fibers [19], z-shaped fibers [20], 
singlemode-multiomode-singlemode (SMS) fibers [21], photonic 
crystal fibers [22], micro-tapered fibers [23] and Fabrt-Perot (FP) 
cavities [24]. Compared to the other fiber interferometers, the 
z-shaped configuration has additional advantages of low cost and ease 
of fabrication. The operating principle of z-shaped fiber sensors is 
based on the mode interference between the fundamental core mode 
and cladding modes which are excited by the fiber bend [25]. Thus, 
the z-shaped fibers can be used to measure the temperature and strain 
[20]. Previous design shows that a z-shaped fiber can also act as a RI 
sensor which possesses a linear sensitivity of 185 nm/refractive index 
unit (RIU) in the RI range of 1.333-1.381 [25]. So far, however, the 
systemic studies of z-shaped fiber structures are rarely reported and it 
is worthwhile taking further investigations for the first time with aim 
of optimizing the key physical parameters of a z-shaped fiber used as 
an interferometer. Therefore, in this paper we theoretically and 
experimentally carry out a detailed analysis of RI sensing 
performance for a z-shaped fiber interferometer, taking into account 
the influence of the bent angles. Experimental verification is carried 
out demonstrating an average RI sensitivity of 196 nm/RIU.  
II. DEVICE MODEL AND PRINCIPLE
Figure 1 (a) schematically shows the configuration of the 
z-shaped fiber interferometer. The middle portion of the z segment 
has a length of L, and it is bent by two angles of  and , respectively. 
All the structural characteristics and coordinate system are depicted in 
Fig. 1 (a). The fiber used in the simulations and experiments is the 
standard communication single mode fiber (SMF-28), which has a 
core diameter of 8.3 m and the refractive indices of the core and 
cladding are 1.4504 and 1.4447, respectively. Fig. 1 (b) depicts the 
contour plot of simulated light energy distribution along the z-shaped 
fiber at a wavelength of 1550 nm utilizing a wide-angle beam 
propagation method (WABPM) in cylindrical coordinates with the 
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2 
perfect matched layer (PML) boundary conditions, and Fig. 1 (c) 
shows the normalized power of fundamental core mode along the 
propagation direction. In this simulation, the structural parameters are 
selected as L = 5 mm, , and the values of the curvature 
radius and arc angle around the corners are set as 4.5 mm and , 
respectively. As can be seen from Fig. 1 (b), the fundamental core 
mode spreads into the fiber cladding when it arrives at the first bend in 
the z segment, or in other words, the cladding modes are excited due 
to the asymmetric refractive index profile, giving rise to the reduced 
power of core mode as shown in Fig. 1 (c). Therefore, the first bend of 
the z segment functions as a beam splitter. On contrary, the core and 
cladding modes will recombine together at the second bend which 
acts as a beam combiner, resulting in an increased power of core 
mode as seen in Fig. 1 (c). Thus, an interferometer is formed. 
Fig.1 (Color online) (a) Schematic diagram of z-shaped fiber interferometer. (b) 
Energy distribution along z-shaped fiber interferometer at wavelength of 1550 
nm. (c) Normalized power of fundamental core mode along propagation. 
      After travelling by a distance of L, the phase difference 
between the core and cladding modes can be described as: 
     (1) 
where            
       
     ⁄  is the wave-vector 
difference between the core mode and m-th cladding mode, in 
which   is the wavelength of incident light,     
   and     
   
 are 
the effective refractive indices of the core mode and m-th 
cladding mode, respectively. When the light arrives at the 
second bend of z segment, the core mode interferes with the 
cladding modes, resulting in a modulation of the transmitted 
intensity   , which is given by: 
 ∑    
 
   ∑ √      
 
              (2) 
where     and    
  are the light intensities of the core mode and m-th 
cladding mode, respectively. 
According to Eq. (4), a change in the RI of the surrounding 
environment will cause a change in the effective refractive indices of 
cladding modes thus causes the variations of the interference and the 
transmitted intensity, revealing the basis of the sensing scheme. 
III. RESULTS AND DISCUSSIONS
To analyze the practical sensing performance of the 
z-shaped fiber interferometer, the experiments were carried out.
Fig. 2 (a) illustrates the measurement setup. Light from an
amplified spontaneous emission (ASE) source was launched
into the z-shaped fiber which is located on a glass substrate and
the transmission spectrum was recorded by an optical spectrum
analyzer (OSA). The inset in Fig. 2 (a) shows an example of a
microscope image of the z-shape fiber with parameters of 
= 15
o 
and L = 8 mm, which was fabricated by employing the
electric arc method. Fig. 2 (b) depicts a local picture of the
fusion splicing window. The fabrication process involves: (1)
One side of the fiber is fixed by a built-in holder clamp, while
another side is fixed on a three-dimensional (3D) translation
stage. (2) By precisely moving the 3D stage towards the splicer,
the fiber between the discharge electrodes slightly curves as
shown in Fig. 2 (b). (3) The first bend of z-shape is formed after
the arc discharge. The discharge current and time were set as 12
mA and 6 s, respectively.  (4) Repeating the steps (1-3) would
form the second bend of z-shape and complete the structure.
The distance between the two bends (i.e. the length of L) can be
easily controlled by moving the 3D stage.
Fig.2 (Color online) (a) Diagram of measurement setup. Inset: microscope image of 
fabricated z-shaped fiber interferometer. (b) Schematic picture of fusion splicing window 
with bend fiber between two electrodes.  
      Figure 3 presents the calculated and measured transmission 
spectra of the z-shaped fiber structure in the water environment (nwater 
= 1.33) with different length L and bent angle  = =15
o
. As shown
in Fig. 3, the obvious interference patterns are displayed. The 
suppression of transmission is due to the destructive interference 
between the core and cladding modes, and vice versa. With the 
increase of L, the interference pattern exhibits a faster oscillation, 
which is physically reasonable due to the fact that the interference 
period is inversely proportional to the length L, leading to a decreased 
valley linewidth. However, in order to minimize the physical size of 
the interferometer, a length of z segment of 8 mm is chosen for 
following numerical and experimental investigations. Moreover, 
through the further observation in Fig. 3, one can find that the 
measured results show a good agreement with theoretical prediction. 
The discrepancy between the calculated and measured results could 
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3 
be due to the deformed shape of the fabricated z segment which could 
give rise to additional scattering loss. 
Fig.3 (Color online) Measured and calculated spectral responses of z-shaped fiber 
interferometer with different length L over a wavelength range of 1530-1560 nm. 
      The RI sensing measurements were performed at the room 
temperature (~ 23 °C) with a series of RI liquids, which were placed 
around the z segment (with bent angle  = =15
o
) by utilizing a
dropper. The RIs of these liquids were controlled by adjusting the 
concentrations of glycerol solutions and collimated by an Abbe 
refractometer at 589 nm which possesses an RI error of ± 0.0002.  
After each test for each RI solution, the z segment sensor and glass 
slide were cleaned with ethanol and deionized water and dried by the 
compressed air. Fig. 4 (a) depicts the measured transmission spectra. 
It is found that as RI increases, the interference dip shifts toward a 
longer wavelength, which shows that the RI variations for the sample 
surrounding the z segment can be monitored by measuring the shift of 
the central dip wavelength. The simulated and experimental results of 
the wavelength vs. RI are plotted in Fig. 4 (b). The experimental 
results match the theoretical simulations reasonably well. As expected 
from measurements, the curve shows an essentially linear distribution 
with an average sensitivity of 196 nm/ RIU over an RI range of 
1.33-1.38, which has been greatly enhanced compared with other 
simple types of fiber interferometers, such as recently reported 
core-offset [26] and dual-taper cascaded [27] fiber structures with 
sensitivities of 78.7 nm/ RIU and 62.78 nm/ RIU, respectively. 
Fig.4 (Color online) (a) Measured spectral responses of z-shaped fiber interferometer over 
a wavelength range of 1530-1560 nm with different RI. (b) Measured and calculated 
central dip wavelength vs. different RI. 
      The influence of the bent angle (i.e.  and) on the sensing 
performance was also investigated. Fig. 5 (a) shows the dependence 
of the sensitivity on the bent angle  while the bent angle is fixed as 
=15
o
. From it one can see that with the increase of the bent angle
the sensitivity is shown to increase at first and then decreases, 
exhibiting high sensitivities as the bent angle ranges from 13
o
 to 17
o
. 
To examine the physical mechanisms behind this phenomenon better, 
the normalized electromagnetic energy distributions for structures 
with the small bent angle  (= 5
o
) and large angle  (= 20
o
) are
plotted in Fig. 5 (b) and 5 (c), respectively. From Fig. 5 (b) it is clear 
that the energy of the fundamental core mode almost keeps constant 
for the small bent angel , or in other words, a small amount of 
cladding modes is excited. While when the bend angle is large, as 
shown in Fig. 5 (c), the leakage of cladding modes takes place. In both 
cases, the interference between the core and cladding modes becomes 
weak, which could possibly give rise to the decreased sensitivity. 
Moreover, the inset in Fig, 5 (a) depicts the sensitivity as a function of 
bent angle  with = 15
o
. From it one can note that the sensitivity is
insignificantly dependent on the angle . This is because of the fact 
that the interference between core and cladding modes is mainly 
determined by the first bent angle However it should note that the 
small or large angle  will affect the coupling from cladding modes 
back to core mode, which will reduce the transmitted intensity and 
decrease the interference pattern ratio. From the above discussion, one 
can see that, in order to realize the high sensitivity, the optimized 
angle range for  and  is from 13
o
 to 17
o
. The difference between the
maximum and minimum sensitivities within this range is only 2.5%, 
indicating that the z-shaped fiber interferometer possesses a good 
fabrication tolerance to the inaccuracy of the bent angles.  
Fig.5 (Color online) (a) Measured and calculated sensitivity as a function of bent angle  
with  Inset: Measured and calculated sensitivity as a function of bent angle with 
. Simulated light energy distributions around first bend with (b) and (c) 

Finally, it is worth mentioning that in addition to the two bends in
the studied z-shaped fiber interferometer, the interferometric concept
can be extended by designing different so-called first splitting and
second combining schemes, such as utilizing LPFG, TFBG,
micro-taper, and so on, which are capable of converting core and
cladding mode to each other [12, 13, 23].  We will apply these
structures and compare their RI sensing performance in our future
work. 
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IV. CONCLUSIONS
     In conclusion, a novel and robust high sensitive z-shaped 
fiber-based interferometric refractive index sensor is 
theoretically and experimentally designed and demonstrated. 
The first bend of z segment couples core mode to high-order 
cladding modes. The phase difference between core and 
cladding modes is influenced by the surrounding refractive 
index environment. As a result, the field amplitudes of core and 
cladding modes interfere with each other, resulting in a 
modulation in the transmitted intensity at the second bend of z 
segment. With the optimized parameters, the experimental 
results show that the RI sensitivity could reach up 196 nm/ RIU, 
which is much higher compared to other recently reported types 
of interferometric sensors. Furthermore, in consideration of its 
attractive merits i.e., low cost, simple configuration and ease of 
fabrication, we believe it shows a great promise in many 
physical and chemical sensing fields. 
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